Germinability of seeds is established during their development, maturation, and pre-sowing processing.
assessing germination percentage and vigor in laboratory and field tests. They are also needed for monitoring the physiological events in seeds during pre-sowing conditioning. For this reason, studies on the identification of factors that indicate the quality and sowing value of seeds have been considered important in the present research. In recent years, some physiological parameters such as accumulation of β-tubulin [1] [2] , cell-cycle activity [3] , changes in the amount, replication of DNA [4] , activity of some enzymes, and cytomembrane permeability [5] [6] have been used to determine physiological events in pretreated and germinating embryos. However, the published data did not provide information that would indicate a correlation between the changing parameters of seed germinability and the selected physiological activities, which could be proposed as useful markers of seedsowing quality. This information is important in practice, among other things, to evaluate the results of seed priming, which is used for improving their germination, vigor, and seedling emergence -especially in unfavorable environmental conditions [7] [8] [9] .
Priming causes several metabolic processes during controlled imbibition and incubation of seeds in order to initiate metabolic pre-germination events without allowing penetration of the seed coat by the embryonic root [8, 10] . Early initiation of physiological activities and mobilization of metabolites might be a reason for faster germination. However, interference in the course of metabolic processes, their optimization, and prevention of negative effects requires precise physiological monitoring of priming conditions and the application of proper markers that would indicate the events occurring during and after this treatment [11] . Indication of the correlation between the chosen physiological processes and seed germination parameters can be helpful in predicting the methods for early diagnosis of seed quality.
The aim of the present study was to find physiological markers that would help to evaluate the effects of eco-presowing priming on tomato seed quality. To achieve this aim, we analyzed the correlation between the tomato seed sowing value (mean germination time -MGT) and germination uniformity (time between 25 and 75% of germinated seeds -T 75 -25 ) on the one hand, and selected physiological events (total activity of dehydrogenases -TAD, activity of catalase -AC, activity of the cell cycle -ACC, and leakage of electrolytes -LE), on the other hand. To investigate the usefulness of the studied markers we evaluated the influence of the environmentally friendly methods of seed hydration, moisture content, and the time of incubation during priming on the activity of the chosen physiological processes, in comparison with germination parameters.
Material and Methods
The experiments were conducted with seeds of the Janosik tomato (Lycopersicon esculentum Mill.) obtained from the PNOS Ożarów seed-distributing company in Mazowiecki, Poland. The seeds (germinating in 90.7%) were stored in standard storage conditions and then were divided into several batches, one of which served as control, while the others were subjected to different methods of conditioning. Hydration of tomato seeds up to 30.0, 35.0, and 40.0% MC and their incubation for 1, 10, and 12 days were chosen for the experiments on the basis of earlier research, as the most promising treatments [12] [13] . Calflo, used for seed matriconditioning was obtained from Celite Corporation, Lompoc, CA 93438, USA.
Seed Conditioning
Three environmentally friendly methods of seed conditioning were used in the experiments: 1. Soaking in an excessive amount of water (M1): seeds were soaked in aerated, distilled water at a ratio of seeds to water of 1:3 v/v, for 60, 240, and 720 min. at 20ºC, to obtain a seed moisture contents of 30.0, 35.0, and 40.0%, respectively. After hydration, the seeds were surface-dried between sheets of filter paper for five seconds, and subsequently incubated for one, 10, and 12 days in airtight glass bottles, aerated daily, at 20ºC. 2. Soaking in a limited amount of water (M2): seeds were soaked in 320, 480, and 560 ml of water per kilogram of seeds to obtain their moisture contents of 30.0, 35.0, and 40.0%, respectively, and were subsequently incubated for one, 10, and 12 days in airtight glass bottles, aerated daily, at 20ºC. 3. Matriconditioning (M3): seeds were matriconditioned by mixing them with Calflo and water, and then incubating for one, 10, and 12 days at 20ºC in airtight glass bottles. The ratio of seeds to Calflo was constant (1.0:0.4 w/w), whereas the ratio of seeds to water varied: 1.0:0.6, 1.0:0.8, and 1.0:1.4 w/w to obtain moisture contents of 30.0, 35.0, and 40.0%, respectively. The matriconditioned seeds were aerated every day for a few seconds. After the incubation, the seeds were rinsed for five seconds with distilled water to remove Calflo residues from the seed surface. After conditioning, all seeds were dried for two days on filter paper at 20ºC and 40.0% air relative humidity (RH). Then they were subjected to evaluations of moisture content (MC), mean time of germination (MGT), uniformity of germination (T 75-25 ), and physiological activity (total activity of dehydrogenases (TAD), activity of catalase (AC), leakage of electrolytes (LE), and activity of the cell cycle (ACC)).
Seed Moisture Content
The moisture content (MC) of seeds was determined in three replications according to the commonly applied ISTA procedure [14] . Seed samples were weighed, dried for 1 h at 130ºC, and reweighed. Seed moisture content results were calculated with these data and expressed on a fresh weight basis. Physiological Markers for Assessing...
Seed Germination Properties
Seed germination properties were evaluated at 15ºC. Three replicates of 50 seeds each were sown in 9.0-cm diameter Petri-dishes on cotton wool moistened with 6.0 ml of distilled water. Germination was scored on a daily basis for 20 days. Each seed was counted as having germinated when its radical protruded through the seed coat and was removed from the Petri-dishes every day. MGT and T 75-25 were determined by counting the germinated seeds daily and performing calculations using the Seed Calculator Version 3.0 computer program developed by Plant Research International B.V. (Wageningen, the Netherlands).
Growth and Development of Plants
We evaluated the growth and development of plants on the plants derived from the seeds moistened using three methods (M1, M2, M3) up to 35% MC and incubated for 10 days (following the procedures described in "Seed conditioning"). The seedlings were grown for 30 days in a mixture of sand and sphagnum peat 
Total Activity of Dehydrogenases
The procedure described in [15] was used to assess TAD in seeds. The amount of formazan (mg x g seeds -1 ) was determined by comparing the levels of absorption by the tested extract and calibration solution. Absorption by the extract was measured at 480 nm (SHIMADZU UVmini-1240 spectrophotometer). For each treatment three replicates were used (0.1 g of seeds per extract).
Activity of Catalase
The activity of catalase (AC) was determined spectrophotometrically, as previously described by [16] , following H 2 O 2 consumption at 240 nm. The UVmini-1240 spectrophotometer (SHIMADZU) and software for measuring kinetics (Kinetics Program Pack for UVmini-1240) were used. The testing was conducted in three replicates for each treatment using 0.5 g of seeds per extract.
Leakage of Electrolytes
The leakage of electrolytes (LE) was measured according to [15] , with our own modification. The electrolyte leakage test was performed by soaking 30 seeds (uniform in size and with no visual damage) in 3 ml of deionized water at 20ºC for two and four hours, followed by measurements of conductivity of the solution using a CC-551-Elmetron apparatus. Subsequently, the samples were boiled at 100ºC for 12 min. to enable measurements of the total leakage of electrolytes (LE) from seeds. The results were presented as a percentage of electrolytes obtained from seeds soaked for two and four hours in the total leakage of electrolytes, measured after boiling. The experiment was conducted in three replicates (30 seeds per replicate).
Activity of the Cell Cycle
We evaluated cell cycle activity using tomato seeds that had been soaked in water up to 30.0, 35.0, and 40.0% MC and incubated for one, 10, and 12 days. A sample for cytometric analysis was prepared according to the method described in [17] . The evaluation was conducted using a flow cytometer (Partec CCA, Münster, Germany), with the application of the logarithmic scale. Based on the results obtained, we calculated the percentage share of nuclei characteristics of different DNA content (4C). The experiment was conducted in three replicates (five radicles per extract).
Statistical Analyses
The experiments were conducted in a randomized complete design with three replicates. All data were subjected to analysis of variance and the significance of means was determined with Duncan's test at P < 0.05. Coefficients of determination (r 2 values) were used to evaluate the relationships between the tomato seed sowing value (MGT, T ) and the selected physiological events (TAD, AC, ACC, EC). A linear regression model was used for the analysis. STATISTICA version 10 program was used to perform all statistical analyses.
Results and Discussion
The vigor of seeds can be improved by means of various treatments referred to as 'seed priming.' During priming the seeds are subjected to controlled hydration in order to induce the transient activation of pre-germinative metabolism that includes, among other things, antioxidant functions and DNA repair processes [18] . Early repair mechanisms and activation of pre-germination physiological processes are recognized as the key physiological events underlying the beneficial effects of seed priming. The activity of catalase, dehydrogenases, and the cell cycle -or leakage of electrolytes -have been reported as useful events for indicating embryo physiological activity, which are associated with the development and germinability of seeds [3, 12, 13, 16, 19] . However, the previously reported data did not indicate correlations between the mentioned parameters. Our study aimed at investigating the possible relationships between MGT and T 75-25 of primed tomato seeds and the activity of selected physiological processes taking place during their germination. The analyses of regression showed significantly (p<0.001) positive correlations between LE and MGT or T 75-25 . In contrast, there were negative correlations between MGT or T 75-25 and AC, and TAD and ACC (Figs 1-6 ). The high, positive, or negative correlation between the occurring physiological activities and MGT or T 75-25 indicates the possibility of using these events as markers of seed biological quality.
The improvement in germination of primed tomato seeds was associated with a range of biochemical changes that are required to initiate the germination processes and affect hydration, enzyme activation, breaking of dormancy, storage material hydrolysis, or degradation of inhibitors. The analyses of variance showed positive effects of environment-friendly conditioning on the germination parameters of tomato seeds. Each method of seed conditioning significantly shortened MGT and T in degrees depending on the treatment (Table 1) . The MGT was reduced from 6.52 days (control) down to 2.53 days (M1), 3.29 days (M2) and to 4.27 days (M3). The values of the T 75-25 parameter for these seeds were reduced to 1.52 days (M1), 1.67 days (M2), and 1.82 days (M3), whereas for the control it was 2.26 days. Based on these parameters (MGT and T 75-25 ), it is possible to establish the optimal conditions for seed priming, as was confirmed by our earlier studies [12] [13] . These two parameters indicated that hydration up to a moisture content of 35.0% and subsequent incubation for 10 days were the most favorable for priming tomato seeds.
We evaluated the length of the main shoot at the stage of flowering plants. The length of main shoots of plants derived from the conditioned seeds ranged from 49.4-71.9 cm, and it was higher than in control, in degrees depending on the used method ( Table 2 ). The average number of inflorescences of plants derived from the conditioned seeds was also higher as compared to the control (1.5). The highest number of inflorescences was observed in plants grown from seeds soaked in an excessive amount of water (M1; Table 2 ). This indicates that because plant development depends on seed quality, the studied physiological markers can also indicate the growth of crops.
The presented research shows that the studied physiological events can be useful markers indicating not only seed germinability, but also can be helpful in controlling priming technology. The activity of catalase (AC) increased with the duration of priming [7, 9] . The higher activity of catalase in seeds is supposed to be connected with the reinforcement of the defense against stress caused by free radicals [6, 20] . In the presented experiment, the quantity of AC in the control seeds was at a level of 0.063 nmol H 2 O 2 x min -1 x g prot -1 (Table 3) . A different level of these enzyme activities was highly correlated with seed biological quality [18] . The presented research proves that priming increased catalase activity in seeds and indicated a high correlation between AC and the germinability parameters of primed tomato seeds. Thus, this enzyme can be considered the possible marker of primed seeds.
In turn, increased total activity of dehydrogenases (TAD) can be connected with higher intensity of the processes of seed respiration in the course of incubation. Dehydrogenase is a respiratory enzyme whose activity proves that the cell is alive. Our results for tomato, like those of [21] for onion seeds, show higher TAD in the conditioned seeds in comparison with the untreated ones. In our study, the TAD in the control seeds was determined to be 0.76 mg formazan x g seeds -1 . Depending on the method of seed conditioning, TAD increased up to 1.35-1.63 (M1), 1.31-1.47 (M2), and 1.17-1.35 (M3) mg formazan x g seeds -1 (Table 3 ). These data indicate that priming increases the activity of respiratory enzymes in seeds. In addition, the presented results show a high correlation between the germination parameters and TAD, and thus they can be recommended as useful markers for primed tomato seed quality.
A significant improvement in the integrity of cell membranes was noticed in the conditioned tomato seeds, which was determined by measurements of electrolyte leakage (LE) from embryos. Compared with the LE from the control seeds (47.0%), the amount of electrolyte leakage from the primed seeds was reduced significantly to 23.3% (M1), 26.8% (M2), and 29.5% (M3) ( Table 3) . Our results, like those obtained by [22] and [23] , suggest that a rapid LE test (four hours) can help partly predict the results of the germination test, which requires 7-42 days, depending on the species. The reduced leakage of electrolytes shows that seed priming may have contributed to limiting oxidation of phospholipids, which are the active compounds of membranes. This is also in line with the findings of [24] , which indicate that during the hydration process cell membranes reorganize themselves to attain the original structure, disturbed while drying, or because of the rapid entering of water into cells during the initial period of seed soaking. Significant correlations between the leakage of electrolytes and the physiological or biochemical parameters of seed germination were observed for seeds of many species, e.g., cucumber [25] , cauliflower [26] , cabbage [27] [28] , and durum wheat [29] . The high correlations between the values of LE and MGT or T 75-25 (also found in our study), suggest that conductivity readings may be used as a routine marker for indicating seed quality.
Synchronized and faster germination of seeds can be attributed to the enhanced synthesis of DNA, RNA, and proteins during priming [30] . Our results show that hydration of tomato seeds during priming was associated with the beginning of DNA replication in the radical cells. DNA replication is linked to the cell cycle, whereby higher or lower activity is often marked by a higher or lower ratio, respectively, of 4C DNA (G2 phase) and 2C DNA (G0/G1 phase) [9] . In our experiment, the priming of seeds by hydration up to 35.0% MC and then incubation for 10 days resulted in a beneficial increase in 4C signals Table 3 ). We found a positive correlation between the induction of DNA replication, measured as the increase in the presence of 4C cell nuclei, and the efficiency of the priming treatment of tomato seeds. The presented results, similar to those of [3] and [31] , suggest that the cell cycle activity in seed somatic cells could be a cellular marker for detecting both seed maturity and progression of germination during seed priming. Our present study found significant (p<0.001) correlations -both positive and negative -between MGT and T 75-25 on the one hand, and variables characterizing the physiological state of the processes associated with seed germination on the other. The correlations for MGT and T 75-25 determined by linear regression analyses can also be used to assess the sowing value of tomato seeds. It can be inferred that the analyses of the studied physiological changes in seeds caused by priming may be used as useful and rapid markers of seed-sowing quality. In this study, these markers have proven themselves useful at all levels of seed germination subjected to different conditioning methods. The obtained physiological status of primed seeds of the Janosik tomato can constitute a basis for evaluating the progress in seed germination in other varieties of tomato or in seeds of other species of plants. Our results show that despite the numerous data presented in the literature, it is still essential to increase the knowledge concerning rapid detection and signalling changes in seed germinability by means of physiological markers, and optimizing the priming technique. This potential advantage may allow the test to be widely used in many laboratories because of its environmental friendliness.
Conclusions
The presented study showed positive effects of environment-friendly conditioning methods (soaking in excessive amounts of water, soaking in limited amounts of water, matriconditioning, and subsequent incubation) on the germination parameters of Janosik (Lycopersicon esculentum Mill.) tomato seeds and the growth and development of plants obtained from these seeds. Each method of seed conditioning significantly shortened MGT and T 75-25. The research showed significant (p<0.001) correlations between MGT and T 75-25 , and the selected physiological processes determining seed germination (activity of catalase, total activity of dehydrogenase, activity of the cell cycle, and leakage of electrolytes). The high correlations between the studied physiological activities and MGT or T 75-25 suggest that they can be recommended as routine markers for indicating seed germination quality. 
